The present work investigates the adsorptive interactions of Hg(II) ions in aqueous medium with hydroxylated silica, aminopropylsilica and silica chemically modified by β-cyclodextrin. Batch adsorption studies were carried out with various agitation times and mercury ( 
Introduction
The high affinity of functional organosilicas to metal ions is well known [1] [2] [3] [4] [5] [6] [7] . They are used for separation of ions in multicomponent mixture and extraction of valuable metals; synthesis of ion-exchange materials and metal complex grafted catalysts. Silica is the most suitable support in the synthesis of functional materials due to reactivity of surface silanol groups, high chemical, thermal, radiation and antibacterial resistances and no swelling [7] .
To solve complicated adsorption problems such as quantitative extraction and express analysis of toxic metal ions in water or dilute aqueous solutions, the highly selective materials are necessary. One of the methods of increasing the selectivity of functional silica can be immobilization of macrocyclic organic compounds as nanosized centers for adsorption of specified ions. For example, the silica modified by crown ethers has high sorption affinity towards the ions of alkali and alkaline earth metals due to the formation of strong complexes between hydrated ions and fixed size macro cycles [8] [9] [10] . Cyclodextrins [8, 11, 12 ] also belong to the compounds forming stable complexes due to steric correspondence of ions (or molecules) and free space in their structure.
Cyclodextrins are cyclic oligomers of α-D-glucose. They are widely used for enhancement of solubility and stability of medicines and bioactive compounds due to their unique ability to form inclusion complexes of the "host-guest" type [11, 12] . Cyclodextrins also are promising for creation of selective adsorbents, active catalysts and sensors [13] [14] [15] , chromatographic separation and purification of organic compounds of similar structure and composition [16] , extraction and concentration of impurities of toxic substances [17] ; creation of medicines with prolonged action, and decreasing of toxicity of medicines [18, 19] .
In present time, there has been pronounced tendency to obtain cyclodextrin-containing adsorbents by impregnation into organic polymer matrixes [20] [21] [22] [23] . Immobilization of cyclodextrins on a surface of highly dispersed silicas has been studied not sufficiently [24] [25] [26] .
Previously, we proposed reproducible methods of adsorptive and chemical immobilization of cyclodextrins on a surface of porous and nonporous slicas [27] [28] [29] . It has been established that immobilization of β-cyclodextrin on a surface of mesoporous silica (Silochrome C-120) accomplished without pores blocking. Sorption activity of β-cyclodextrin-containing silicas towards the ions of copper, lead and cadmium was proved [29] . We suppose that the presence of inner hydrophobic cavity with strictly fixed size and hydrophilic lateral functional groups in the molecules of cyclodextrin must have an impact, in particular, on sorption peculiarities of these nanosized centers of adsorption and cyclodextrin-containing materials as a whole.
The purpose of the present work is related to study of sorption affinity of silica towards mercury(II) in the process of its chemical modification by mono-tosyl-β-cyclodextrin. Investigation of the mechanism of mercury(II) uptake by β-cyclodextrin-containing silica presented particular interest.
Experimental Procedures

Materials
The mesoporous amorphous silica -Silochrome C-120 (Khimlaborreaktiv) with the specific surface area of 118 m 2 g -1 , average pore diameter of 40 nm, and silanol groups concentration of 0.4 mmol g -1 was used as starting silica adsorbent (adsorbent 1) and support for synthesis of organosilicas.
β-Cyclodextrin (β-CD, Fluka), 4-toluenesulfonyl chloride (tosyl chloride, TsCl, Merck) and mercury(II) nitrate (Hg(NO 3 ) 2 •H 2 O, Khimlaborreaktiv) were used without additional purification.
Chemical modification of β-cyclodextrin with 4-toluenesulfonyl chloride
The synthesis of mono-tosyl-β-cyclodextrin was carried out as in [28, 30, 31] .
In the IR spectrum of β-cyclodextrin ( Fig. 1 ) after contact with solution of 4-toluenesulfonyl chloride the absorption bands belonging to tosyl group, namely, the bands of the valence vibrations of the C=C bond in the benzene ring (600 cm -1 ), the band of the asymmetric valence vibrations of the S=O bond in the R 1 -O-SO 2 -R 2 groups (1365 cm -1 ), and also the band of the out-of-plane deformation vibrations of the C-H bonds in aromatic ring (815 cm -1 ) are presented [32, 33] . In the 1 Н NMR spectrum of modified β-cyclodextrin the protons' signals of toluenesulfonyl group with chemical shifts δ (ppm) are registered: 2.433 (s) assigned to methyl radical of toluenesulfonyl group, and also the signals at 7.452 (d) and 7.747 (d) attributed to protons of benzene ring at 3, 5 and 2, 6 positions respectively [34] . Hence, the reaction of electrophylic substitution of proton in alcoholic groups of β-cyclodextrin (first of all of primary groups at position 6 [12, 28, 35] ) by tosyl groups takes place between β-cyclodextrin and 4-toluenesulfonyl chloride.
According to the data of elemental analysis ( Table 1 ) only one alcoholic group of β-cyclodextrin molecule takes part in the reaction with 4-toluenesulfonyl chloride (Scheme 1). The yield of mono-tosyl-β-cyclodextrin equals 38%.
Synthesis of aminopropylsilica
Aminopropylsilica (adsorbent 2) was synthesized according to the procedure described in our paper [28] . The concentration of grafted aminopropyl groups is shown in Table 2 . 
Chemical immobilization of mono-tosyl-β-cyclodextrin onto aminopropylsilica surface
Chemical immobilization of mono-tosyl-β-cyclodextrin (Ts-β-CD) onto the silica surface has been realized in two stages. The first step is modification of hydroxylated silica surface with aminopropyl groups. The second step is chemical reaction between aminopropylsilica and mono-tosyl-β-cyclodextrin.
The interaction of aminopropylsilica with monotosyl-β-cyclodextrin has been realized under optimal conditions for reaction of electrophylic substitution of proton in aminopropyl groups by β-cyclodextrin groups [28] . A batch of air-dried aminopropylsilica (2 g) was seated into the three-necked reactor supplied with a stirrer and a reflux condenser, and suspended in dry pyridine (20 cm 3 ) at room temperature under continuous stirring. Then, pyridine containing Ts-β-CD (0.25 g) was added (рН of reaction mixture ≅ 7). The reactor was placed in a hot water bath. The modification of the aminopropylsilica surface by Ts-β-CD was carried out at 60ºC during 4 days. Then the solid phase was moved on the porous glass filter, washed out by pyridine (25 cm 3 × 3), acetone (25 cm 3 × 3) and dried in the air. In the IR spectrum of aminopropylsilica after interaction with solution of Ts-β-CD in pyridine at 60ºC (Fig. 2, spectrum 3 ) the absorption bands of the valence vibrations of the O-H bonds in the secondary alcohol groups (3375, 3290 cm -1 ), the C-H bonds of β-cyclodextrin (2950, 2880 cm -1 ), and also the deformation vibrations of the N-H bond (1590, 1540 cm -1 ) and C-H bond (1460 and 1390 cm -1 ) are registered [32, 36] . Absorption bands of the deformation vibrations in the primary and secondary amino groups are presented. It is evidence of partial participation of primary aminopropyl groups in the chemical grafting of Ts-β-CD. In the IR spectrum of modified silica the absorption bands of the valence vibrations of the C=C bond of benzene ring and the asymmetric valence vibrations of the S=O bond in the R 1 -O-SO 2 -R 2 groups are absence. Hence, the reaction of electrophylic substitution on the surface of aminopropylsilica runs with participating of tosyl group of Ts-β-CD (Scheme 1). Structure parameters for studied silica adsorbents and chemical composition of its surface layer are given in Table 2 .
Modification of silica surface by aminopropyl groups and then by Ts-β-CD leads to decrease of specific surface area of silica from 118 to 98 m 2 g -1 ( Table 2) ; average pore diameter and total pore volume of mesoporous amorphous silica change insignificantly, apparently, due to the large difference between pore diameter of Silochrome C-120 (40 nm) and size of β-cyclodextrin molecule (1.53 nm). The quantity of β-cyclodextrin grafting is 0.035 mmol g -1 (adsorbent 3). Taking into account that the molecule area of β-CD equals 2.41 nm 2 , chemically bonded β-cyclodextrin occupies ~ 50% of aminopropylsilica surface. In other words, chemical immobilization of β-cyclodextrin takes place in the form of isolated nanosized structures. The chemical immobilization of mono-tosyl-β-cyclodextrin on the aminopropylsilica has been carried out on the lower rim of the torus, since the tosyl group of Ts-β-CD is located in position 6.
Methods
Infrared transmission spectra of pressed plates (10-15 mg cm -2 under pressure 10 8 Pa) were recorded over the spectral range 4000-400 cm -1 using a Thermo Nicolet NEXUS FT-IR spectrophotometer.
1 H NMR spectra were recorded with use of a Varian-VXR-300 spectrometer (300 MHz) at 25ºC in DMSO-d 6 solution. Chemical shifts are expressed in δ units (ppm) relative to resonance of tetramethylsilane.
Elemental analysis was performed with use of an Elemental Analyzer EA 1110.
Ultraviolet absorption spectra of aqueous solutions of Hg(NO 3 ) 2 were recorded with a Specord M-40 spectrophotometer in the range from 260 to 400 nm. To record UV spectra, quartz cells with l = 1 cm were used. Distilled water was the comparative solution. X-ray diffraction analysis was performed on a DRON-4-07 diffractometer (CuK α radiation with a nickel filter).
The concentration of surface silanol groups of the silica adsorbents was calculated from the quantity of chemisorbed dimethylchlorosilane [37] . The amount of aminopropyl groups on the surface of organosilicas was determined by potentiometric titration (Ion-meter 1.120.1) and thermogravimetric analysis (Q-1500 D thermoanalyzer) [38, 39] . The content of β-cyclodextrin immobilized on the surface of aminopropylsilica was assessed by differential thermogravimetric analysis with programmable heat [27] .
The adsorption of Hg(II) ions from aqueous solutions was studied by using multibatch method under static conditions at 22ºC. Mercury(II) adsorption dependence on the time of contact with silicas and concentration of equilibrium solution was obtained. For adsorption experiments the mercury(II) nitrate solutions with concentration from 2.5 × 10 -4 to 4.0 × 10 -3 M (pH 1-3 ) were used. The batches of the silica adsorbents and the volumes of solutions of mercury(II) nitrate were 0.1 g and 20 cm 3 , respectively. Besides, the adsorption of Hg(II) in the presence of 100 -1000-fold quantities of potassium chloride was studied.
The amount of Hg(II) ions in the initial and the equilibrium solutions was analyzed by atomic absorption spectrometry using a Pye Unicam SP-9 equipment and also with EDTA back-titration [40] .
Results and Discussion
Adsorption of mercury(II) onto a surface of hydroxylated silica and silicas modified with aminopropyl and β-cyclodextrin groups
The kinetic curves of mercury(II) adsorption are shown in Fig. 3 . The Lagergren's kinetic models for processes of pseudo-first order and pseudo-second order were used for analysis the kinetic curves of Hg(II) adsorption on adsorbents 1-3 ( Table 2 ). The integral form of Lagergren kinetic model [41] for pseudo-first order processes can be expressed as:
ln (a eq -a t ) = ln a eq -k 1 t,
where a t and a eq -the adsorption (mg g -1 ) at time t (min) and at equilibrium state, respectively, k 1 -the rate constant of adsorption, (min -1 ). The equation for kinetic processes of pseudo-second order is given by:
where k 2 -the rate constant of adsorption, (g mg
The Lagergren's kinetic models are based that strong adsorption can be considered as pseudo-chemical reactions on a solid surface. Thus, the kinetic constant for the adsorption process of pseudo-first order does not depend on adsorbtive concentration. The kinetic constant for the adsorption process of pseudo-second order is inversely proportional to time of contact and concentration of adsorbate in a solution.
The kinetic curves for adsorbents 1-3 are well fitted to linear form of the pseudo-first order process (Fig. 4) . The rate constant k 1 increases ( processes of pseudo-first order in the sequence: starting silica < aminopropylsilica < b-cyclodextrincontaining silica. It proves that the rate of mercury(II) adsorption depends only on type of functional groups attached onto a silica surface.
The isotherms of mercury(II) adsorption from Hg(NO 3 ) 2 aqueous solutions with рН 1 -3 and concentrations from 2.5 × 10 -4 to 4.0 × 10 -3 М at 22ºC are shown in Fig. 5 . Predominant forms of mercury(II) in a weakly acidic range are Hg 2+ and Hg(OH) + [42] . The uptake of mercury(II) for adsorbents 1 and 2 is negligible. For adsorbent 3 the isotherm of Hg(II) adsorption exhibits a steep rise even at low equilibrium concentrations.
Weakly acidic silanol groups on a surface of hydroxylated silica (pK a = 6.90) are in the nonionized state at pH < 2 (Fig. 6) . At approximately pH 3, the part of ionized silanol groups that could participate in cation exchange is only 0.01%. Since the ionized silanol groups are only centers for adsorption of mercury(II), the adsorption of mercury(II) onto hydroxylated silica in a weakly acidic range is insignificant. For adsorbent 2, two thirds of silanols are replaced by aminopropyl groups (pK b = 4.10). However, the most part of aminopropyl groups in a weakly acidic solutions is in protonated state (Fig. 6 ) and does not participate in complex formation with cation forms of mercury(II). Considerable enhancement of adsorption of mercury(II) ions for adsorbent 3 in comparison with adsorbents 1 and 2 is directly related to immobilization of Ts-β-CD, since, the total concentration of active centers of adsorbents 1-3 is constant ( Table 2 ) but only chemical composition of surface is varied. As Hg(II) uptake is 3 times higher than quantity of immobilized Ts-β-CD we can suppose the formation of supramolecular complexes with composition [β-CD] : [Hg(II)] = 1 : 3 on a surface of adsorbent 3. 100 -1000-fold quantities of potassium chloride do not decrease adsorption capacity of adsorbent 3 to mercury(II).
The results of adsorption measurements agree with the IR data. The IR spectrum of the hydroxylated silica after adsorption of mercury(II) is practically unchanged. In the IR spectrum of the aminopropylsilica (Fig. 2,  spectrum 2 Table 3 . The kinetic characteristics of mercury(II) nitrate adsorption for processes of pseudo-first and pseudo-second order in Lagergren model. Table 2   0 the deformation vibrations bands in the N-H bond for the primary amino groups (1570 cm -1 and 1540 cm -1 ) into low-frequency range (1525 cm -1 ) is observed as a result of interaction of uncharged aminopropyl groups with cations of mercury(II) [43] . In the IR spectrum of adsorbent 3 (Fig. 2, spectrum 4) after adsorption of Hg(II) absorption bands of the valence vibrations of the O-H bonds for secondary alcohol groups (3375, 3290 cm -1 ) of β-cyclodextrin (2950, 2880 cm -1 ) are shown the less clear. In our opinion this is caused by participation of molecules of chemically attached β-cyclodextrin in the formation of supramolecular structures on a surface of adsorbent 3. Fig. 7 shows isotherm of mercury(II) adsorption for adsorbent 3 in Freundlich and Langmuir equations. The Freundlich model (Fig. 7a) for adsorption on heterogeneous surface is described by the equation:
*Numbering of adsorbents correspond to
log a eq = log K F + (1 / n) ⋅ log C eq , (3) where a eq -the equilibrium adsorption, (mg g -1 ); K F -the Freundlich constant (adsorption capacity), (mg g -1 ); 1 / n -the Freundlich constant characteristic of adsorption intensity; C eq -the equilibrium concentration of adsorptive in a solution, (mg L -1 ). The Langmuir model (Fig. 7b) for monolayer adsorption on localized sites of energy uniform surface is described by the equation:
where С eq -the equilibrium concentration of adsorptive in a solution, (mg L -1 ); a eq -the equilibrium adsorption, (mg g -1 ); K L -the Langmuir constant characterizing the energy of adsorption, (L mg -1 ); a m -the adsorption capacity of monolayer, (mg g -1 ). The characteristics of adsorption are given in Table 4 . The experimental data are well fitted to linear form of the Freundlich and Langmuir equations (Fig. 7) . However, the correlation coefficient R 2 is of higher value for Langmuir equation. The values of Langmuir equation (Table 4) were used for calculation of separation factor R L [41] : 
Mechanism of β-cyclodextrin interaction with mercury(II) nitrate
In the electronic spectrum of 0.001 M aqueous solution of mercury(II) nitrate symmetric absorption band with λ max = 302 nm and ε = 300 L mol -1 cm -1 is registered. It corresponds to n → π * transition of N=O chromophore in nitrate-ion [44] . The absorption band at 302 nm 
Freundlich equation Langmuir equation becomes asymmetric and its intensity sharply increases (ε = 4600 L mol -1 cm -1 ) as a result of addition of given quantities of β-CD to an aqueous solution of Hg(NO 3 ) 2 . β-cyclodextrin does not have characteristic absorption bands in UV region of spectrum. The content of nitrateions in equilibrium solutions decreases. These facts together with the spectral changes of the absorption band of N=O chromophore are evidence of NO 3 -interaction with β-CD, namely the anion penetration to inner cavity of β-cyclodextrin.
The composition of forming inclusion compound was determined by using the method of equimolar series. Experimental points have linear correlation for complex "β-CD -NO 3 -" with composition 1 : 1 in BenesiHildebrand equation [45] : is evidence of high strength of the complex "β-CD -NO 3 -". Since the volume of inner cavity of β-CD molecule is V cavity β-СD = 0.262 nm 3 , of its upper part is V ½ cavity β-CD = 0.156 nm 3 , volume and diameter of hydrated nitrate-anion are V NO3¯ = 0.153 nm 3 and d NO3¯ = 0.67 nm [46] , the penetration of the anion into a cavity of β-cyclodextrin is feasible through the wider edge and location of the NO 3 -is possible only in the upper part of torus of β-CD (Scheme 2):
The reason of high strength of formed inclusion complex "β-CD -NO 3 -" is equal volumes of the upper part of inner cavity of β-cyclodextrin and hydrated anion.
Structure and chemical composition of "β-cyclodextrin -mercury(II) nitrate" inclusion complex
Preparative quantity of the inclusion complex as white needle-like crystals was obtained by precipitation at 5ºС. The solution with pH 1 contains equimolar quantities of β-cyclodextrin and mercury(II) nitrate. Hg 2+ is predominant form of mercury(II) at pH 1. The presence of Hg 2+ in the precipitated inclusion complex was established by using trilonometric back titration [40] ; ratio β-CD : Hg 2+ = 1 : 3. The results of elemental analysis of β-cyclodextrin and its complex with Hg(NO 3 ) 2 are in Table 1 .
The three most intensive peaks with 2θ = 12. while the fourteen secondary (C-2) and (C-3) alcohol groups are located on the wide rim of β-CD molecule (Scheme 3):
In the IR spectrum of β-cyclodextrin ( Fig. 1) , a wide intensive absorption band over the spectral range 3500-3000 cm -1 with maximum at 3380 cm -1 is observed. This band belongs to the valence vibrations of the primary (C-6-OH with intermolecular hydrogen bond) and secondary (intramolecular hydrogen bond of C-2-OH groups of the same glucopyranose unit with C-3-OH group of adjacent unit) hydroxyl groups. An absorption band with maximum at 2930 cm -1 corresponds to the valence vibrations of the C-H bonds. In the range of 1400-1000 cm -1 absorption bands of the valence vibrations of the C-O and C-C bonds and the deformation vibrations of the O-H bonds in the primary and secondary alcoholic groups of β-CD are registered. The IR spectrum of "β-cyclodextrin -mercury(II) nitrate" inclusion complex (Fig. 1) reveals one absorption band with maximum at 3380 cm -1 that is ascribed to the valence vibrations of individual hydrogen bonding hydroxyl groups of β-CD. The intensity of the absorption bands of the valence vibrations of the C-H, C-O and C-C bonds decreases. Thus, inclusion complex of the "host-guest" type is formed with the involvement of the "guest" into the inner cavity of the β-cyclodextrin molecule [47] . Besides, a weak absorption band at 1385 cm -1 points to the presence of nitrate-anion [33] in the inclusion complex.
The shift of all signals 1 H of glucopyranose units is observed in the 1 Н NMR spectrum of "β-CD -Hg(NO 3 ) 2 " inclusion complex in comparison with the spectrum of β-cyclodextrin that points to interaction of β-cyclodextrin with mercury(II) nitrate ( Table 5) . Slight variation of the chemical shift ∆δ value is determined by the parameters of the studied system. It is known [48] that the value of chemical shift for inclusion complexes increases with increasing of thermochemical radii of the anion-"guest" and with decreasing cavity sizes of cyclodextrin. For the system of β-cyclodextrin -nitrate-ion slight changes of the chemical shifts of protons (Table 5 ) agree with the size of nitrate-ion (0.179 nm). The disappearance of the protons resonance signals of the primary and secondary hydroxyl groups of β-CD indicates that interior complex is formed [49] . The signals of the inner protons С(3)-, С(5)-and С(6)-Н of β-cyclodextrin are shifted into upfield region (+∆δ) [48] after interaction with mercury(II) nitrate ( Table 5 ) that points to the penetration of the hydrated anion into the cavity of β-CD. The largest shift for C(5)-H allows us to conclude that anion is kept near the vicinal C(5)-atom. For the protons of C(1)-, C(2)-, and C(4)-atoms of glucopyranose units, which locate outside of the β-CD molecule torus, ∆δ usually smaller than that for C(3)-, C(5)-and C(6)-H [48, 50] . In our case it was observed for C(1)-and C(4)-H signals ( Table 5 ). The slight downfield shift for C(1)-H indicates the absence of conformation changes in the β-CD molecule when nitrate-anion enters into the inner cavity of the β-CD. The large shift for C(2)-H ( Table 5 ) is evidence of anion penetration into the cavity of β-CD through wider edge of the β-CD molecule, and it is kept in the upper part of β-CD near C(5)-H. These results agree with our conclusion about geometrical conformity of the hydrated nitrate-anion and upper part of the β-cyclodextrin cavity accessible for NO 3 -. We suppose that disappearance of proton signals for hydroxyl groups of β-CD is caused by their interaction with forming super molecule. The super molecule consists of one macrocycle molecule of β-cyclodextrin and three molecules of mercury(II) nitrate. First, "β-cyclodextrin -nitrate-ion" inclusion complex with composition 1 : 1 is formed. Then NO 3 -ion incorporated into the cavity of β-CD attracts Hg 2+ cation, which, for its turn, attaches yet another nitrate-anion. The linear molecule of mercury(II) nitrate spaced perpendicular to the plane of the macro cycle rim is formed. Two other molecules of mercury(II) nitrate are kept by one end directly in the plane of wider edge of the β-CD molecule, forming tetrahedron over β-CD molecule that consists of four anions with Hg 2+ cation in its center. Thus, the presented results lead to the conclusion about the mechanism of mercury(II) adsorption on the surface of the silica modified with β-CD. The quantity 
Conclusions
Chemical modification of silica surface by β-cyclodextrin for increase of its affinity to mercury(II) has been proposed. The possibility of mercury(II) ions uptake from dilute aqueous solutions using β-cyclodextrin-containing silica has been shown. The hydroxylated silica and aminopropylsilica do not adsorb mercury(II) under studied conditions. It has been established that isotherm of mercury(II) adsorption on the β-cyclodextrin-containing silica is given by isotherm of Langmuir type. The value of Langmuir constant equals 4125 ± 205 mmol -1 . By means of IR spectroscopy, 1 H NMR spectroscopy, UV absorption, elemental analysis, X-ray diffraction and chemical analysis of surface compounds, the mechanism of β-cyclodextrin interaction with mercury(II) nitrate was studied. The formation of "β-cyclodextrin -nitrate-ion" inclusion complexes with composition 1 : 1 (the constant of complex stability is 1290 ± 60 mol 
